Thiostrepton, a peptide antibiotic, inhibits the GTP-dependent 70S initiation complex formation (as measured by binding of fMet-tRNA to ribosomes and concomitant hydrolysis of GTP) only when initiation factor 1 is present to permit catalytic recycling of initiation factor 2 in the initiation reaction. When initiation factor 1 is absent, the binding of fMet-tRNA and GTP hydrolysis occur stoichiometrically with respect to initiation factor 2, and thiostrepton has no effect on either reaction under these conditions. Detailed analysis of this inhibition process shows that thiostrepton prevents catalytic recycling of initiation factor 2 by blocking the action of initiation factor 1, which is required for the dissociation of initiation factor 2 from the 70S initiation complex. This dissociation is necessary for the catalytic reutilization of initiation factor 2 in the initiation reaction. The antibiotic does not directly inhibit GTP hydrolysis per se in initiation.
IF-2 is released from the initiation complex and can recycle to catalyze another round of initiation (18) (19) (20) .
Reports by Mazumder (3) and by Lockwood et al. (4) have shown that in initiation reaction mixtures containing limiting concentrations of IF-2 with respect to ribosomes, thiostrepton severely inhibits fMet-tRNA binding to ribosomes. The hydrolysis of GTP coupled to fMet-tRNA binding is also markedly inhibited (4) . In initiation reaction mixtures containing limiting levels of IF-2 with respect to ribosomes, maximum fMet-tRNA binding requires recycling of the factor (18, 19, 21) . In contrast, when IF-2 is present in molar excess with respect to ribosomes, the catalytic role of IF-2 is unnecessary. In this case, however, thiostrepton is without effect on formation of the initiation complex, which occurs stoichiometrically with added IF-2. These results indicate that thiostrepton inhibits polypeptide initiation by interfering with the recycling and, thus, the catalytic role of IF-2 in the initiation reaction. The precise manner in which the antibiotic prevents recycling of IF-2, however, remains unclear.
The components of the initiation system known to be required for recycling of IF-2 include the 50S ribosomal subunit (18) , 50S ribosomal proteins L7 and L,]2 (23, 24) , GTP hydrolysis (19, 20) , and initiation factor, IF-1 (21) . It has been postulated (3) that thiostrepton blocks recycling of in the initiation reaction by interfering with the hydrolysis of GTP. However, the lack of effect of the drug on ribosome dependeiit "uncoupled" IF-2-GTPase activity, particularly at a low molar ratio of IF-2 to ribosomes (22) (22, 24, 26) . assay is similar to that described for coupled fMet-tRNA binding and GTP hydrolysis (27) (27) . fMet-tRNA binding to ribosomes and coupled hydrolysis of GTP are proportional to the amount of IF-2 added. In each case, thiostrepton had no effect on either activity. Furthermore, even in the presence of thiostrepton the ability of bound fMet-tRNA to react with puromycin was unimpaired, indicating the formation of a functional 70S initiation complex.
RESULTS

Effect
The experiments reported above clearly establish that the drug blocks only the IF-1 stimulation of polypeptide chain initiation in vitro and has no effect on IF-2-dependent initiation reactions observed in the absence of IF-1.
Further evidence supporting the conclusion that thiostrepton blocks IF-1 action in polypeptide chain initiation is summarized in Table 2 . As the concentration of IF-1 relative to thiostrepton was increased, the inhibitory effects of thiostrepton progressively decreased. At high ratios of IF-1 to thiostrepton, the inhibitory effect of thiostrepton on initiation disappeared ( Table 2 , Exp. A). It is to be noted that the amount of IF-1 added in the complete reaction mixture ( Table 2 , Exp. A) was in excess for the initiation reactions under the conditions of the assay since addition of more IF-1 had no effect on either the binding of fMet-tRNA to ribosomes or concomitant GTP hydrolysis ( (Fig. 2) . In agreement with previously published observations (19) , during GTP-dependent 70S initiation complex formation in the presence of IF-1, IF-2 was released from ribosomes and sedimented near the top of the gradient, at the position of free IF-2 ( Fig. 2A) . In the absence of IF-1, however, the bulk of IF-2 activity was associated with 70S ribosome (Fig. 2B) . The addition of thiostrepton to an initiation reaction containing an amount of IF-1 just sufficient to give maximum stimulation of fMettRNA binding to ribosomes also prevented release of IF-2 from the 70S ribosomal complex (Fig. 20) . However, an excomplete initiation reaction mixture as described in Materials and Methods, except that IF-2 was omitted and GTP concentration was raised to 2 mM. [GTP concentration was raised to 2 mM to ensure that any thiostrepton present in the aliquots did not exert an inhibitory effect on the initiation assay, since high concentration of GTP reverses thiostrepton inhibition of initiation reaction (see Table 3 Reaction conditions for "coupled" fMet-tRNA binding and GTP hydrolysis were as described in Materials and Methods except that the concentration of IF-1 was varied as indicated. The final concentration of thiostrepton, when present, was 0.3 mM.
* Values are in pmol.
cess of IF-1 was able to overcome the thiostrepton inhibition of the release of IF-2 and resulted in the dissociation of IF-2 from the ribosome and its sedimentation at the position of the free factor (Fig. 2D) . These results indicate that IF-1 is absolutely requirek for the dissociation of IF-2 from the 70S initiation complex, permitting IF-2 to act catalytically in the initiation reaction. Thiostrepton, by blocking the action of IF-1, prevents the release of IF-2 from the ribosome. Thus, in the presence of thiostrepton, IF-2 acts stoichiometrically in the initiation reaction. Reversal of Thiostrepton Inhibition by GTP. The inhibition of the initiation reaction by thiostrepton is dependent on the concentration of GTP in the reaction mixture ( Table 3) . As the concentration of GTP was increased, the inhibitory effect of thiostrepton on polypeptide chain initiation progressively decreased. At a high molar excess of GTP to thiostrepton, the inhibitory effect of thiostrepton on fMet-tRNA binding to ribosomes was virtually abolished (Table 3, Exp. 6). This effect was specific for GTP since this nucleotide could not be replaced by UTP, CTP, ATP, or GMP in preventing the thiostrepton inhibition (Table 3 , Exps. 8 and 9; data for UTP and ATP not shown). GDP was only slightly effective in reversing the inhibition. These observations explain why various groups (1, 2, 22) failed to observe an inhibition of initiation complex formation by thiostrepton. These workers utilized relatively high concentrations (2 mM) of GTP in initiation reaction mixtures.
DISCUSSION
The present report extends previous studies by Mazumder Earlier results published from this laboratory (22) clearly show that when the antibiotic is used at concentrations that completely block ribosomal EF-G-GTPase, it has no effect on the ribosome-dependent GTPase associated with IF-2 when it Grunberg-Manago et al. (2) that thiostrepton partially blocked is uncoupled from other components of initiation. This is true at a low molar ratio of IF-2 to ribosomes. At a high molar ratio of IF-2 to ribosomes, partial inhibition of IF-2-GTPase is observed, presumably because once the ribosomal site specific for IF-2-GTPase is saturated, IF-2 can interact with the thiostrepton-sensitive EF-G site (22) . Thus, the observation of Grunberg-Manago et al. (2) 
